We present an analysis of Hapke photometric modeling applied to uniform ground-based UBVRIJHK broadband data of asteroid 25143 Itokawa collected over a wide range of solar phase angles (4
Introduction
The Japanese spacecraft Hayabusa encountered and gathered data of its near-Earth asteroid target, Itokawa, from September until early December, 2005 . This mission was designed, in part, to touch down twice on its surface to collect samples of the asteroid and return them to the Earth. Hayabusa conducted two excursions to the surface of Itokawa in November, 2005 in an attempt to obtain surface samples. The first potential sample return of surface material from an asteroid, comprising these samples, is expected in 2010.
In an effort to understand the physical characteristics of this asteroid, and thereby also aid the Hayabusa mission, we obtained an extensive broadband UBVRIJHK filter dataset of Itokawa in 2004, specifically designed to provide optimal corrected solar phase curves for robust Hapke modeling of the surface scattering properties (cf. Thomas-Osip et al., this issue, hereafter Paper I) . For the first time since asteroid Itokawa was discovered and chosen for this mission, the 2004 apparition afforded us an opportunity to observe this target at low, intermediate, and high phase angles. An excellent southern hemisphere apparition during long winter nights ensured that we observed the asteroid through a full phase of its 12.132 ± 0.0005 hour sidereal light curve (Kaasalainen et al., 2003) , essential for eliminating variations in brightness due to rotation and allowing us to accurately estimate the surface properties.
The resulting observations were modeled using Hapke's equations in an attempt to characterize the surface properties of Itokawa. Comparisons with similar modeling analyses of other asteroids provides insight into how such properties as porosity versus grain size distribution, surface roughness, albedo, and single particle scattering properties varies among asteroids.
A brief description of the observational dataset follows in Section 2. Preparation of the solar phase curves and their subsequent Hapke modeling are presented in Section 3. Finally, Section 4 provides a discussion of the surface properties and mineralogy in light of the Hapke model results and broadband colors.
Observations
The details of the Las Campanas/Lowell Observatories Itokawa observing campaign for the 2004 apparition are provided in Paper I. In summary, we obtained complete UBVRIJHK (0.36, 0.44, 0.54, 0.63, 0.85, 1.25, 1.65 , and 2.15 microns, respectively) rotational light-curve coverage of Itokawa with solar phase angle coverage varying by filter. Solar phase curves for BVRI observations cover the largest range from 4-129 degrees, allowing investigations of both the backscattering and forward-scattering properties of the surface regolith, The near infrared solar phase curves (JHK) and additional visible U band phase curves cover an intermediate range of solar phase angles from 11-49 and 11-69 degrees, respectively. To supplement the data from the 2004 apparition, a subset of data from the 2001 apparition (Lederer et al., 2005) with sufficient temporal sampling were included; the underlying rotational light-curve from the solar phase curve was re-fit for these data, using the same procedures as in Paper I, and removed. These 2001 apparition data overlap and extend the intermediate region of the solar phase curves for BVRI from 40-90 degrees (cf. figure 16, Paper I).
Hapke Modeling Analysis
The Hapke equations (Hapke, 1981 (Hapke, , 1984 (Hapke, , 1986 (Hapke, , 2002 are a set of bi-directional reflectance equations derived from radiative transfer and a set of physical assumptions that can be used to model photometric observations. The parameters within the Hapke equations can be correlated to surface properties and used to compare regolith properties from one solar system object to another. The following subsections describe the processing of the Itokawa observations into a photometric data set that can be modeled using a subset of the Hapke equations in an attempt to discern Itokawa's regolith properties, especially in comparison to other asteroids that have been similarly modeled and visited by spacecraft.
Solar phase curves
Thomas-Osip et al. (Paper I) derived solar phase curves in units of absolute magnitude for eight colors (U-K) using the 2004 apparition observations. These solar phase curves were corrected for rotational phase curve variations and represent brightness variations as a function of solar phase angle (Sun-asteroid-Earth) only. The same methodology for removing rotational phase variations and converting to absolute magnitudes was applied to a subset of observations from the 2001 apparition taken by Lederer et al. (2005) . The reprocessing of the Lederer et al. (2005) observations gave smaller residual variations in the calculated solar phase curves (than those found in the earlier paper adopting a different correction method) and consistent results in the overlap region between the two apparitions.
Absolute magnitude units were converted into absolute reflectance values using the relationship I /F = 10 −0.4m a , where m a is the absolute magnitude and I /F is the absolute reflectance. Figure 1 shows an example solar phase curve, in this case for the V filter data. Some variation remains due to asteroid shape uncertainties that are unaccounted for in the methodology used for converting to units of absolute magnitude. A daily median value was calculated for each day's set of rotationally corrected observations, producing a solar phase curve describing the general, average surface of the asteroid Itokawa.
Hapke photometric modeling
The resulting solar phase curves were modeled using Hapke's photometric equations (Hapke, 1981 (Hapke, , 1984 (Hapke, , 1986 for each filter. An updated set of photometric equations, which incorporate additional parameters to describe the opposition surge due to coherent backscatter (Hapke, 2002) , was not chosen for this analysis since the data set is not extensive enough in the opposition regime (solar phase angle = 0-5
• ) to support the updated model. While the Hapke equations selected for this analysis incorporate many assumptions and simplifications, they have been shown to accurately estimate planetary photometric behavior to within 10% (Cheng and Domingue, 2000) , which is within the error bars of the solar phase curves being modeled in this study. The set of photometric equations chosen for this study have also been used to model other asteroid data sets, providing context for our results.
The Hapke equation for the absolute reflectance, I /F, is given as
where w is the single-particle scattering albedo, α is the solar phase angle, and θ is the surface roughness parameter. The term r o is given by
and the opposition effect term, B(α), is given by the approximation (Hapke, 1986 )
where B o describes the amplitude of the opposition effect and h describes the width of the opposition peak. This ap-proximation has been demonstrated to describe the opposition effect in terms of shadow-hiding mechanisms (Hapke, 1986 ). The single-particle scattering function, P(α), used in the Hapke equation was a double Henyey-Greenstein function of the form The last term in Eq.
(1), S(α, θ), is the correction for surface roughness where the surface roughness parameter, θ , is defined as the average slope over the resolution element of the detector (Hapke, 1984) . Shkuratov et al. (2005) have shown through Monte Carlo ray-tracing methods that interpretations of surface roughness based on the Hapke roughness parameter need to be made with care. Multiple scattering effects on bright objects produces an underestimation of roughness by θ , and in some of their simulations θ did not accurately predict the surface roughness where large-scale roughness was present. They also demonstrated that albedo effects on photometric behavior can be interchanged with surface roughness effects. Interpretations of θ should be made in context with multiple scattering and albedo properties.
Modeling methods
The observed solar phase curves for each filter were modeled using a least squares grid search over the Hapke parameter space using the same algorithm from Domingue et al. (2002) and Lederer et al. (2005) . The least squares grid search routine searches over the Hapke parameters w, B o , h, b, c, and θ , described above. The routine finds the set of Hapke parameters which minimizes χ and can vary all parameters simultaneously. The delimiter, χ , is defined as
where [I /F] (Harris et al., 1989) , thus measurements in the opposition region are needed to separate B o value effects from those of other parameters. It has been noted that variations in the shape of the disk-integrated solar phase curves produced by different values of the single particle scattering function can be compensated for by changes in the surface roughness parameter, which in turn can be compensated for by variations in the single scattering albedo (Harris et al., 1989; Shkuratov et al., 2005) . Observations at very high solar phase angle (> 120
• ) can begin to constrain and distinguish between the effects these parameters have on the shape of the solar phase curve. Disk-resolved measurements (which were not available at the time of this study) can further constrain this subset of the Hapke model parameters to produce more unique solutions.
The B, V, R, I solar phase curves had observations ranging from 4
• to 129
• , where as the J, H, K, observations ranged between 11
• and 49
• , and the U filter observations ranged from 11
• to 69
• . The backward scattering region (0
• to 70
• solar phase) is reasonably constrained within all the data sets, however the forward scattering region (110
• solar phase) is partially constrained only within the B, V, R, and I data sets. This will result in larger uncertainties in the single particle scattering function parameters for the U, J, H, and K data sets. The resulting error bars for the parameters are listed in Tables 1 to 8 . These error bars are derived from modeling results using different initial assumptions based on data coverage. This is done to decouple the different parameter effects for the same region of the solar phase curve. For example, the U, J, H, K filter data do not have coverage in the opposition region, thus solutions were found based on different assumptions for the opposition effect parameters (ranging from null values to those values obtained by Domingue et al. (2002) for Eros). Ranges for the other parameter values were found that resulted in models within the error bars of the measurements, and thus provided the error estimates for these parameters. Tables 1 to 8 (Abell et al., submitted) , and a reflectance spectrum taken March 6, 2001 (Binzel et al., 2001) are shown in Fig. 10 . The single particle scattering albedo displays the same trend with wavelength as the spectral observations. This correlation between single particle scattering albedo and spectral observations was also seen for Eros (Clark et al., 2002b) and confirms that the Hapke model results are consistent with the compositional results obtained via spectrophotometry. In the V-band, where the single particle scattering albedo has been commonly reported for other asteroids, the single particle scattering albedo for Itokawa is significantly higher than that seen for an average S-class asteroid (Domingue et al., 2002) . Verbiscer and Veverka (1995) translated the Hapke parameter space, would place the value for Itokawa in the range seen for E-, R-, and V-class asteroids. Figure 11 shows a plot of the single particle scattering functions corresponding to the Hapke parameter values listed in Tables 1 through 8. All of the single particle scattering functions are forward scattering, however the J, H, and K functions are less so with backscattering playing a stronger role in the scattering behavior. The B, V, R, and I observations cover solar phase angles between 4
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• and 129
• degrees, which better constrains the single particle scattering behavior. In contrast, the U filter only covers phase angles to 69
• and the J, H, and K filters only to 49
• degrees. These data sets do not adequately sample the forward scattering regime (> 110
• ), thus the B, V, R, and I curves better describe the particle scattering behavior. Comparisons of similar single particle scattering curves provided in Domingue et al. (2002) for Eros, Gaspra, Ida, and average S-class asteroids, at wavelengths approximating the V filter, show that the particles within the regolith of these objects are dominantly backward scattering, with only a minor to non-existent forward scattering component.
In Fig. 11 , one can see the general trend for the single par- ticle scattering functions to be more backscattering at longer wavelengths. However, the Henyey-Greenstein parameters, c and b, show little to no variation with wavelength within their errors, thus this trend with wavelength should be considered a subtle, if existent, trend. The solutions to the single particle scattering function, because of the limits within the observational data, should be interpreted as a demonstration of the possible range in scattering behavior of the regolith particles. McGuire and Hapke (1995) and Hartman and Domingue (1998) have mapped single particle scattering function parameters to a subset of particle characteristic types. Their results are shown in Fig. 12 along with the positions of the Itokawa modeling results superimposed on the map. For comparison, positions of Eros, Gaspra, Ida, Dactyl, and the Moon (based on modeling results of ∼V wavelength observations from Helfenstein and Veverka (1987) , Helfenstein et al. (1994 Helfenstein et al. ( , 1996 , Domingue et al. (2002) ) are also superimposed on the map. These results indicate that the scattering behavior in the majority of the filters plots in those regions described by clear particles where any scattering centers are associated with the particle's surface. Only the parameter values in the K filter map to a region indicative of internal scatterers for that wavelength. In contrast, the modeling results for the other asteroids (and Moon) plot in regions characterized by particles with moderate to high amounts of internal scatterers. This indicates that Itokawa has a regolith with properties atypical of asteroids observed to date by spacecraft. (Abell et al., in press; Binzel et al., 2001 ) are compared to the variation in the single scattering albedo, w, as a function of wavelength. The single scattering albedo follows the spectral trend with wavelength.
Opposition characteristics
The filters containing opposition information (B, V, R, I), meaning observations down to 4
• solar phase angle, have low values for the opposition amplitude (ranging from 0.02 to 0.23) and broad values for the opposition surge width (ranging from 0.141 to 0.46). This is in sharp contrast to the large amplitude and narrow width values measured for average, albeit larger, Sclass asteroids (as seen in the V filter).
The opposition amplitude shows no trend with wavelength, while the opposition surge width, h, generally increases with wavelength. This is an opposite trend in comparison to that seen for Eros (Clark et al., 2002b) . The opposition effect in planetary regoliths is produced by a com- bination of two mechanisms: shadow-hiding (Hapke, 1986) and coherent backscatter (Hapke, 2002) . The shadowhiding mechanism can produce a broader opposition effect that is independent of wavelength. The coherent backscatter mechanism is thought to produce a narrower opposition surge than that produced by shadow-hiding and does have a wavelength dependence (Hapke et al., 1998) . Thus the fact that we see a relatively wide and low opposition would argue that the shadow-hiding mechanism is in play here. The wavelength dependence indicates that coherent backscatter may play a role in producing the opposition surge measured on Itokawa, but the coherently backscattered surge is most likely narrower than we could have detected with a minimum phase angle of 4
• . Due to the broad nature of the opposition surge measured by the observations, we proceed with an analysis of the opposition effect parameters assuming the dominate formation mechanism is shadow-hiding. This diagram shows the regions within the Henyey-Greenstein single particle scattering function parameter space that correspond to the model particle types examined by McGuire and Hapke (1995) and Hartman and Domingue (1998 This allows us to compare with past analyses of other asteroid regoliths. The Hapke opposition width parameter, h, has been related to porosity and grain size distribution by the relationship
where ρ is the porosity and Y is the particle size distribution (Hapke, 1986) . Particle size distributions have been derived for the Moon; however the applicability of such distributions to small asteroids, such as Itokawa, must be made with a clear understanding of the assumptions applied. The following analyses have been applied to many other small asteroids, and provide a preliminary point for comparison of regolith variations between small objects. The lunar regolith is derived from impact processes, where the gravity well of the Moon is large enough to retain the fine-grained portion of the impact ejecta, and over time the regolith has been ground-down to contain a significant fine-grained portion. For small asteroids, such as Itokawa, the processes for producing the regolith are not well understood. A regolith on a small asteroid can be a result of the accretionary process (thus producing what is termed an "accretional regolith") or a result of impact processes, where the grains are much coarser than that observed for the Moon (Clark et al., 2001) . One reason for the coarser grain size (1998) results). Similar porosity estimates based on model parameters for average S-class asteroids plot identical to Ida. The porosity estimates assume a lunar-like particle size distribution, which may not be representative of the regolith of small asteroids. Note that the estimates for Itokawa are much lower than those of the other objects shown.
is that it requires a much more energetic impact to produce fine-grained material, which will then have more energy and be more readily lost to space. Estimates on porosity based on a lunar-like particle distribution, to first order, should remove a fine-grained component. The particle size distribution function, Y , for the Moon has been given by
where r l and r s are the radii of the largest and smallest particles, respectively. The ratio of r l to r s will be smaller for Itokawa than for the Moon due to the removal of the finegrained component. Figure 13 plots the range of porosity values for various particle size ratios based on the Hapke model solutions to the Itokawa B, V, R, and I observations. For comparison, similar porosity values based on ∼V wavelength observations are plotted for asteroids Eros, Gaspra, Ida, Average S-class, and the Moon. These comparisons show that the regolith of Itokawa is more compact than on these other objects. This is consistent with the Hayabusa AMICA images and ground-based thermal inertia findings that indicate a gravel-to-brecciated rock type of regolith (Müller et al., 2005; Yano et al., 2006) . For example, evidence suggests a largely rocky or pebbly surface: the smallest-sized particles are roughly 3 mm diameter in Muses Sea, the smoothest area of the asteroid corresponding to a geopotential low on the surface. In addition, there is effectively no evidence for cratering on the surface, as would be expected of a regolithic surface, suggesting that the surface is not coherent enough to hold the shape of an impact crater. Boulders much larger than those expected to form as crater ejecta following an impact event are found on the surface. Collectively, these support the conclusion that the asteroid formed from the joining of two bodies that probably resulted from the gravitational re-accretion of scattered material that formed from a major impact into a larger parent asteroid.
Surface roughness
The value for the surface roughness parameter (40
• ) is independent of wavelength as is expected from the Hapke model assumptions. All fits return a high value, similar to what is found in disk-integrated analyses of Eros (Domingue et al., 2002) . This is commensurate with the irregular shape and blocky nature of the surface, as seen in images returned from Hayabusa . A roughness value commensurate with surface topography, a forward scattering single particle scattering function, and a shallow broad opposition effect are all indicative of a surface regolith where multiple scattering does not play a major role. Table 9 lists the filter dependent values for the geometric albedo, Bond albedo, and phase integral for Itokawa. The geometric albedo, A g , is defined as the disk-integrated reflectance of a surface at α = 0
Geometric and Bond albedos, phase integral
• relative to a same-size Lambert disk under the same observing geometry. The Bond or spherical albedo is defined as the fraction of incident light scattered in all directions by the surface. The Bond albedo is given by q A g , where q is the phase integral. The phase integral is given by
where φ(α) is defined in Eq. (1) as I /F. The value for the phase integral was found using the Romberg method of integration. The errors for the albedos and phase integral values in each filter are derived by calculating the values for each solution set. The maximum difference between the values for a given filter was used as the error bar, while the actual values are those based on the Hapke model solution parameter sets given here. Table 10 compares equivalent V filter geometric albedo, Bond albedo, and phase integral for several asteroids. While the geometric albedo for Itokawa is commensurate with the values for the other asteroids listed, the values for the Bond albedo and phase integral are consistently low, further exemplifying the atypical nature of the regolith for Itokawa.
Comparisons with previous studies
Not surprisingly, given the much wider phase angle coverage combined with the much more complete rotational- Domingue et al. (2002) . b Helfenstein et al. (1994) . c Helfenstein et al. (1996) . d Helfenstein and Veverka (1989) .
phase coverage offered in the present study (including opposition, forward scattering and backscattering regions) compared to that available for the 2001 apparition, our best fit Hapke model solutions are not consistent with those found in Lederer et al. (2005) . However, we find that applying the updated rotational correction methodology to the available subset of data from 2001 as incorporated in the present study indicates complete consistency at intermediate solar phase angles where the data overlap between the two apparitions. Furthermore, the model fit of the synodic light-curve variation and subsequent removal from the 2001 apparition data results in substantially less scatter in the derived solar phase curve. This kind of complete rotational analysis was not possible with the limited 2001 dataset as the rotational period of this asteroid was not known prior to the 2001 apparition; 2001 was the first apparition after this asteroid was discovered (in 1998) and chosen as the spacecraft target, thus little data existed up to that point. Our 2004 campaign required a five-week observing run to fully cover the rotational period of 12.132±0.0005 hours (Kaasalainen et al., 2003) , which was derived from 2001 data and used to plan the 2004 campaign. Clearly, the most productive modeling of surface properties derived from groundbased observations benefits strongly from access to a uniform dataset with sufficient temporal sampling to accurately model rotation-and-sufficient solar phase coverage to include the three distinct regions of opposition, forward scattering and backscattering.
Conclusions from Hapke modeling
Images of the rocky Itokawa surface from the Hayabusa mission (c.f., Fujiwara et al., 2006) coupled with the results of the Hapke modeling presented here demonstrate for the first time that Hapke modeling of ground-based photometry is correctly predictive of surface roughness. The Hapke analysis here suggests that Itokawa has a rocky or coarsenot fine, particulate-surface, unlike the Moon. The geometric albedo of 0.23 calculated under the assumption of a rocky surface is consistent with the geometric albedo of 0.22 for an average S-class asteroid (Helfenstein and Veverka, 1989 ). As discussed above, AMICA images from the Hayabusa spacecraft show that the surface of Itokawa consists of a rocky or pebbly surface, having pebbles with diameters ranging from 3 mm to tens of meters. We conclude that Hapke modeling of Visible to Near-IR photometry of asteroids can be utilized effectively to characterize asteroid surface properties in support, for example, of future spacecraft missions or NEA characterization efforts. 
Surface Mineralogy
Images of the rocky Itokawa surface from the Hayabusa mission (c.f., Fujiwara et al., 2006) coupled with the results of the Hapke modeling presented here demonstrate for the first time that Hapke modeling of ground-based photometry is correctly predictive of surface roughness. The Hapke analysis here suggests that Itokawa has a rocky or coarsenot fine, particulate-surface, unlike the Moon. The geometric albedo of 0.23 calculated under the assumption of a rocky surface is consistent with the geometric albedo of 0.22 for an average S-class asteroid (Helfenstein and Veverka, 1989) .
As concluded in Paper I, the geometric albedo and colors derived from this uniform dataset suggest that Itokawa appears to be an average main-belt S-class asteroid. Figures 14-16 provide color-color plots highlighting Itokawa among the various main-belt asteroid classes as well as resolved and unresolved near-Earth asteroid photometry. In addition, colors reported by Lederer et al. (2005) Lederer et al. (2005) ) while the 2004 data includes over 125 U observations in the average color. Figure 14 shows that the strength of the Fe 3+ UV/blue intervalence charge transfer transition as represented by the U-B vs. B-V color-color plot is consistent with the average S-class asteroid. The B-V vs. V-R colors (Fig. 15 ) also suggest a moderately strong UV/blue absorption. The V-I vs. V-R plot in Fig. 16 shows that the presence and strength of the mafic silicate absorption band near 1.0 μm is also consistent with the average S-class asteroids. Conventional theory about "space weathering" suggests that S-class asteroids are comprised of mafic silicate minerals similar to those minerals found in ordinary chondrites, and a thin layer of surface material altered by some form of space weathering to produce the redder reflectance spectra with shallower absorption features observed today (c.f., Clark et al., 2002a; Chapman, 1996; Pieters et al., 2000) . Near-Earth asteroids probably represent a population of objects recently moved to their current, unstable orbits predominantly (though not exclusively) by an impact that fractured a larger parent body. The smaller daughter bodies we observe today might be expected to have different spectra since they were not affected by space weathering processes.
Their spectral properties should form a continuum between the properties of S-class asteroids and properties of ordinary chondrite meteorites (Rabinowitz, 1998; Binzel et al., 2001) . Reflectance spectra of the Q-class asteroids seen in the NEA population demonstrate the spectral transition from ordinary chondrites to S-class asteroids. The spectra of the smaller NEA asteroids should appear much less weathered, therefore much less like the main-belt S-class asteroid spectra.
Itokawa is a surprise, in this case, as it appears to have the spectral and albedo properties of a presumably spaceweathered and larger S-class asteroid, although its dimensions are considerably smaller. Its surface appears rocky and, therefore, less subjected to micrometeoroid impact that could create a particulate surface. It does not fit the above profile of the smaller NEA that has experienced much less space weathering and alteration than the larger main-belt S-class asteroids.
Two possibilities have been proposed that would explain this apparent conundrum. First, an alternate theory has also been proposed to address the NEA population. Here, both S-class and Q-class asteroids exist in roughly equal proportions at different diameters among the NEAs, and no transition between the S-class spectral properties and the ordinary chondrite meteorites needs to be invoked (Whiteley, 2001) . The ordinary chondrites are likely derived from the Q-class asteroids (Whiteley, 2001; McFadden et al., 1984) . Smaller Q-class asteroids have been identified among the inner main-belt objects. In this case, Itokawa represents a case of a smaller S-class asteroid, not weathered and having large surface roughness.
Second, laboratory laser irradiation of rocky ordinary chondrite meteorites by Sasaki et al. (2006) show darkening and reddening of their surfaces, although to a lesser degree than for particulate meteorite samples. Based on this example, Sasaki et al. (2006) suggest that rocky surfaces of asteroids can also be darkened and reddened without necessarily forming a particulate regolith. They thus propose that the surface of asteroid Itokawa could have been darkened and reddened through space weathering processes, and that there is no conflict between the rocky, rougher surface and the spectral reflectance characteristics of Itokawa .
Finally, although the JHK photometry lacks sufficient spectral resolution for detailed mineralogical analyses, the solar-corrected relative reflectance JHK values show even less increase in reflectance with increased wavelength (reddening) than the spectra of Abell et al. (in press ), already less reddened than the spectrum from Binzel et al. (2001) (Fig. 10) . While the broadband characteristics of the JHK filters could cause the filter values to be slightly inconsistent with the narrowband spectrophotometry centered at the same wavelengths, the photometry is clearly less reddened. The reduced reddening supports the interpretation that conventional space weathering did not affect the surface of Itokawa.
Conclusions
Results of Hapke photometric modeling for 25143 Itokawa, a small asteroid that looks very different from any other asteroid visited by a spacecraft, indicate that its physical surface properties also differ from typical S-class asteroids, although its color photometry is consistent with average, albeit larger, S-class asteroids. All fits for the surface roughness parameter yield a high value, indicative of a blocky surface, which was confirmed by Hayabusa spacecraft images.
Unlike other S-class asteroids studied in-situ by spacecraft (e.g. Eros, Gaspra, Ida), the single particle scattering functions of Itokawa at different wavelengths are dominantly forward scattering. These results suggest that Itokawa's regolith is composed of clear particles whose scattering is due primarily to the particle's surface. In contrast, the average S-class asteroid's surface is typically comprised of particles with high levels of internal scattering. Itokawa's opposition characteristics suggest that the regolith is more compact than expected, however, we note that our opposition data (ideally 0-5
• ) is limited (minimum phase angle of 4
• ). While the geometric albedo is consistent with other S-class asteroids studied to date, the Bond albedo and phase integrals differ from the typical, larger S-class asteroids. These differences are consistent with rocky surface material. However, the color values spanning the UV to the near-IR are, unexpectedly, consistent with main-belt, Sclass asteroids. It is possible that Itokawa is representative of smaller asteroids. Further studies of small asteroids are required.
These ground-based and space-based observations and modeling of Itokawa demonstrate that Hapke modeling can be used to predict correctly the surface mechanical properties of asteroids. This has implications beyond the characterization of the properties of Itokawa: Hapke modeling of the surface properties of asteroids remains a cost-effective and energy-efficient means of assessing asteroid properties. The uses for this process are many and varied: Future spacecraft missions can use this knowledge to design sample return missions. Scientists have a tool with which they can characterize the mechanical properties of potentially hazardous asteroids. Therefore, this stands as one result of the Hayabusa mission that can directly contribute to the future scientific exploration of asteroids.
